Giant embryo rice (GMR) is a special rice which can produce eutrophic functional rice. Giant embryo rice and its intensive processing products have been widely used in food, medicine, health care products and other fields, with extremely important scientific significance and economic value. In recent years, a series of important advances have been made in the research of giant embryo rice, and its achievements have attracted the attention of rice breeders and consumers at home and abroad. In this paper, the genetic basis of giant embryo traits and the effects of environmental factors on giant embryo rice were reviewed and analyzed, and the application prospect of giant embryo rice was also prospected, these will provide important reference for genetic improvement and application promotion of giant embryo rice.
Introduction
Rice (Oryza sativa L.) is one of the main grain crops in China. Rice production accounts for about 40% of the total grain production. More than two-thirds of the people live on rice in China (Li et al., 2018b; Peng et al., 2018b) . With the continuous improvement of people's living standards, high-quality rice is more and more popular with consumers (Zhou et al., 2014; Peng et al., 2014b) . However, rice quality is a relatively complex quantitative trait. It is generally believed that rice quality can be divided into four aspects: appearance quality, nutritional quality, grinding quality, cooking and eating quality (Zhang et al., 2007; Peng et al., 2018a) . The quality traits of rice are mainly controlled by genes. At present, a number of QTLs affecting rice quality traits have been identified in rice (Peng et al., 2014a) . The important functional genes were isolated, cloned and analyzed (She et al., 2010; Zhang et al., 2016; Wang et al., 2010; Li et al., 2014; Wang et al., 2015) . Rice quality traits are also affected by environmental factors, such as soil conditions, temperature, day and night temperature difference and sunshine (Ambardekar et al., 2011; Li et al., 2018a) . Among these environmental factors, climatic conditions have the most obvious effect on rice quality traits.
Giant embryo rice is a kind of rice which can produce high nutritional functional rice in special rice. Compared with ordinary rice, the embryo of giant embryo rice increases about 2-3 times. The content of protein, mineral and vitamin is higher than that of ordinary rice. It has higher antioxidant activity and better nutritional and health functions. In addition, large amounts of oryzanol and γ-Aminobutyric acid are found in giant embryo rice, which have anti-cancer and anti-hyperlipidemia functions (Zhang et al., 2005; Seo et al., 2011; Fitzgerald et al., 2003; Kang et al., 2011) . Because giant embryo rice is consistent with people's current food consumption concept and healthy life concept, it has become one of the most competitive nutritive rice in the future, which has attracted the attention of rice genetic and breeding experts at home and abroad in recent years. Over the past decade, many research groups at home and abroad have conducted in-depth studies on nutrition and quality traits, important agronomic traits, intensive processing of giant embryo rice and efficient utilization of byproducts, and made a series of important new progress (Rathore et al., 2018; Coleman et al., 2018; Fitzgerald et al., 2003; Kang et al., 2011) . Particularly noteworthy is that in the application of giant embryo rice, the new varieties bred have been initially demonstrated and popularized in a large area, and some products related to intensive processing have been widely used in many fields such as health care, food, medicine and so on. Especially in the field of medical treatment and health care, the processing products of giant embryo rice are playing an increasingly important role, which shows that the products related to the intensive processing of giant embryo rice have important value and broad application prospects. In this paper, the genetic basis of giant embryo traits and the effects of environmental factors on mega-embryo rice were reviewed and analyzed, and the application prospect of giant embryo rice was prospected, in order to provide reference for genetic improvement and application promotion of giant embryo rice.
Genetic Basis of Giant Embryo Traits

Study on the Localization of Giant Embryo Genes
Japanese rice breeders used chemical mutagen N-methyl-N-nitrosourea (MUN) to treat the seed cells of rice variety Kinmaze, and then obtained a giant embryo mutant rice (Satoh et al., 1981) . Through in-depth genetic analysis, the gene controlling giant embryo was located on chromosome 7 of rice, which is called giant embryo gene (Ge) (Satoh et al., 1990) . Korean rice breeders also used N-methyl-N-nitrosourea chemical mutagen to treat the fertilized immature embryos of Japonica rice Hwacheongbyeo, induced a series of giant embryo mutant rice, and obtained the germplasm of giant embryo Japonica rice (Kim et al., 1991) . Molecular mapping showed that the genes controlling giant embryo were also located at the long arm end of chromosome 7 (Satoh et al., 1981; Koh et al., 1996) , which was the same allele as the giant embryo gene Ge (Kim et al., 1992) . Using F2 population constructed by Hwacheongbyeo-ges and Milyang23, the giant embryo gene was located between two molecular markers RZ395 and CD0497 on chromosome 7 (Koh et al., 1996) with genetic distances of 2.4 cm and 3.4 cm (Ping et al., 2015) . The genetic distances with microsatellite markers RM10 and RM18 were 9.6 cm and 7.7 cm respectively (Zhang et al., 2010) . The F2 population constructed by crossing Kinmaze giant embryo mutant of Japonica Rice with Nanjing 11 of indica rice was studied. The results showed that the giant embryo gene was closely linked to RG678 molecular marker on chromosome 7. The genetic distance between them was 6.2 cm (Qian et al., 1996) . The genetic distance between giant embryo gene and another molecular marker RZ395 on chromosome is 13 cm. A large number of giant embryo rice varieties, such as Haiminori, Mebaemochi, Koiazusa and Haiibuki, have been bred by crossing Kinmaze giant embryo mutant EM40 with high-yielding variety Akenohoshi (Endo et al., 2006; Ishii et al., 2013; Matsushita et al., 2008; Maeda et al., 2005; Uehara et al., 2003) . These giant embryo rice varieties are widely cultivated as functional rice. Further genetic analysis showed that the giant embryo traits of giant embryo rice were controlled by a single recessive gene. The giant embryo gene (GE) was initially located between RG678 and RZ395 markers on chromosome 7 of rice, and the genetic distances were 6.2cm and 13.0cm respectively (Ping et al., 2015) . The genetic analysis of giant embryo mutant in indica rice also showed that giant embryo was inherited by recessive single gene, and the size of seed embryo was directly determined by the genotype of fertilized eggs. Therefore, giant embryo traits could be directly selected in cross breeding F2 or mutagenesis M2 (Li et al., 2004) . Interestingly, the giant embryo traits of giant embryo rice 98-14geB and Mge86 were studied. The results showed that giant embryo was caused by single recessive gene mutation, and the giant embryo gene and Japonica giant embryo rice variety 1137 was different alleles of the same locus (Zhang et al., 2005; Zhang et al., 2007a) . At present, most studies on the inheritance of giant embryo traits in giant embryo rice show that giant embryo traits is controlled by an invisible gene. The embryos of giant embryo rice were obviously larger than those of ordinary rice. The F1 hybrid of giant embryo rice 10217 and Nippon Qing showed normal embryos of Nippon Qing. In the F2 population of F1 self-crossing, normal embryos basically accorded with the separation ratio of 3:1 (Zhang, 2011) . The results also showed that the characteristics of giant embryos were controlled by a pair of recessive genes. Rice not giant embryo traits are dominant to giant embryo traits. The giant embryo traits are controlled by the genotype of the seed itself, and are not affected by the maternal genotype (Zhang et al., 2007b) . Some research groups believe that embryos, though not endosperm traits, belong to rice seed traits, and their size may be controlled by endosperm development-related genes (Hong et al, 1995) . Because giant embryo gene is controlled by a pair of recessive genes, its traits is controlled by the genotype of the seed itself, but it has not been determined whether the size of the embryo is regulated by endosperm gene or embryo gene. At present, there are at least 12 reported giant embryo alleles, such as ge m , ge, ge t , ge s , ge c , which are alleles of giant embryo gene (Os07g0603700). Among the rice varieties planted in different regions, GE alleles were found successively such as ge-1, ge-2, ge-3, ge-4, ge-5, ge-6, ge-7, ge-8, ge-9, ge-10, ge t and GE alleles in "10217" giant embryo rice and "Kita-ake" giant embryo rice. Therefore, GE gene of giant embryo is rich in diversity among different giant embryo rice varieties. The results of preliminary mapping of QTL by multiple traits of DH population and parents showed that the size of rice mesoderm was controlled by multiple genes. Different from the results of classical genetic mapping, the genes determining the size of rice mesoderm are not located on chromosome 7, but on chromosomes 3, 4 and 9 of rice, and also affect the embryo weight and embryo weight rate (Zhang et al., 2005) . Therefore, giant embryo genes can be selected by hybridization or mutagenesis, and there are linkage reactions in giant embryo traits of the second generation. According to the recombination and exchange between individual plants in rice population, the location of giant embryo genes on chromosomes can be determined, which will provide a solid basis for molecular breeding of giant embryo genes.
Molecular Breeding of Giant Embryo Gene
According to the giant embryo gene (ge), which has been isolated and cloned, and the molecular marker closely linked with giant embryo gene, giant embryo gene can be applied to the genetic breeding process of giant embryo rice. For example, giant embryo genes can be used for co-dominant molecular marker breeding, marker-assisted selection breeding, gene aggregation breeding and genome editing breeding to improve the genetics and molecular breeding of giant embryo rice. Through the detection and analysis of molecular markers closely linked to giant embryo genes, different genotypes can be distinguished, and the giant embryo genes can be directly used for molecular marker-assisted selection breeding or gene aggregation breeding. In the giant embryo gene of Shangshida No. 5, GE-2 marker can distinguish three different genotypes of GEGE, GEge and gege (Zhang et al., 2017) , which can be directly used in the molecular marker-assisted selection breeding and gene aggregation breeding of ge gene, thus speeding up the breeding process of giant embryo rice new varieties. The giant embryo phenotype of giant embryo rice belongs to recessive trait, and involves double fertilization of triploid endosperm. Its genetic mechanism is relatively complex. It can't be observed in real time during the growth process (Zhang et al., 2017) . Therefore, through the research and development of functional molecular markers of GEC giant embryo gene, we can improve the efficiency of giant embryo rice breeding and shorten the breeding cycle.
The cloned giant embryo gene can also be used as CAPS molecular marker for molecular breeding. According to the single nucleotide mutation at the coding chain +125 of the mega-embryo gene of Shangshida 5, a new restriction site (Zhang et al., 2017) of Alu I (AGCT) was produced. On the basis of PCR amplification, the CAPS molecular marker of the amplified products of the giant embryo gene could be digested by restriction endonuclease, and then the method of detecting giant embryo gene mutants could be established. Using this functional molecular marker, genotypes with mutant sites of giant embryo gene can be screened accurately, which ensures the high accuracy of plant identification in the breeding process, thus laying an important foundation for the future research of breeding new giant embryo rice with "Shangshida 5" giant embryo rice as parents. Some research results show that the yield of giant embryo rice will decrease. The genetic background of giant embryo rice bred by radiation mutagenesis was identical to that of the original variety. There was only one pair of recessive ge genes (Zhang et al., 2007c) . The further results showed that ge gene had no significant effect on the main agronomic traits and some yield traits of hybrid rice, but ge gene could cause the decrease of 1000-grain weight, bulk density, theoretical yield and actual yield of hybrid rice, and had significant effect only when GE gene was homozygous. Molecular marker assisted breeding is a method of screening target genes by molecular marker technology derived from polymorphism among genes . In recent ten years, molecular marker assisted breeding technology has become more and more mature, which is closely combined with traditional hybrid breeding, fully demonstrating the superiority of molecular marker assisted breeding technology in rice genetic breeding.
Genome editing technology based on sequence-specific nucleases (SSNs) has become one of the most effective new tools for crop genetic improvement in recent years (Samanta et al., 2016; Liu et al., 2017) . At present, various types of SSNs have been developed for genome editing, including zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and the clustered regularly interspaced short palindromic repeat (CRISPR/Cas9) system, etc. (Noman et al., 2016; Gil-Humanes et al., 2017; Mao et al., 2013; Gaj et al., 2013) . ZFNs, TALENs and CRISPR/Cas9 technologies are based on their own endonuclease activity, which causes DNA double strand breaks at the target DNA sequence location. Mutations are introduced by homologous recombination or non-homologous end-to-end connections. Then, targeted genome editing, such as gene knockout, insertion, point mutation, gene modification or transcriptional activation, can be successfully realized in different organisms. Genome editing technology based on SSNs has been widely used in basic research and applied research of plants. For example, using ZFNs, TALENs and CRISPR/Cas9 technologies, specific gene knockout, point mutation or gene modification (Liu et al., 2017) have been successfully implemented for many plants, including important crops such as rice, maize, wheat, barley, soybean and so on. (Li et al., 2017; Wendt et al., 2013; Haun et al., 2014; Liang et al., 2014; Wang et al., 2014; Shan et al., 2015) . Among them, TALEN technology has been applied to rice genetic breeding (Shan et al., 2015; Birla et al., 2017) , which provides a new strategy for rice breeders for genetic improvement and molecular breeding of giant embryo rice. 
Effects of Environmental Factors on Giant Embryo Rice
Effects of Low Temperature Stress on Seed Germination of Giant Embryo Rice
Among various environmental factors in nature, temperature plays an important role in the development of the rice, such as the germination, germination potential, germination rate and bud growth of the rice. Within a certain temperature range, with the decrease of temperature, the degree of Inhibiting Germination of giant embryo rice seeds increased, and the germination potential and germination rate decreased in varying degrees. At the same time, the decrease of germination potential and germination rate of giant embryo rice seeds under different low temperature stress was greater than that of common rice, that is, the germination of giant embryo rice seeds. Germination potential and germination rate were positively correlated with temperature (Zhang et al., 2014) . The germination rate of giant embryo rice seeds decreased sharply when the stress temperature reached 8℃ or below.
The germination of giant embryo rice seeds could not recover well after low temperature treatment. The rate of dead seedlings was higher and the germination of seeds was hindered. After low temperature treatment at 6℃ and below, the seedlings could not recover and eventually lead to dead seedlings of giant embryo rice seedlings (Zhang et al., 2014) . In other words, the seeding death rate of giant embryo rice was negatively correlated with stress temperature.
Under the condition of low temperature stress, the bud length, coleoptile length and radicle length of giant embryo rice decreased with the decrease of stress temperature, and the difference between giant embryo rice and control reached a significant positive correlation level. Under different low temperature stress conditions, the sensitivity of different giant embryo rice low temperature stress is different. The variation range of bud length, coleoptile length and radicle length of common rice is smaller than that of giant embryo rice seeds, which indicates that giant embryo rice is more sensitive to low temperature stress at budding stage (Zhang et al., 2014) . Because the environmental temperature has an important influence on the germination of giant embryo rice seeds and the growth of germination after germination, strict control of temperature can make giant embryo rice grow better in the actual production process.
Effects of Water Stress on Seed Germination and Seedling Growth of Giant Embryo Rice
There are two ways to culture giant embryo rice seeds under water stress. One is to soak them in PEG-6000 solution for 24 hour and then culture them with water. The second method is to soak giant embryo rice seeds in clear water for 24 hours and then culture them in PEG-6000 solution. The two different culture methods had different effects on the germination of the giant embryo rice seeds. Xi giant embryo 1, a new japonica type giant embryo rice line bred by Xichang university, was selected as the experimental material, and the conventional japonica rice hybrid line 22-2 (small embryo) widely promoted locally was used as the control. The rice was immersed in PEG solution of different concentrations for 24 hours, and then treated with clean water (Xiang et al., 2010) . The results showed that PEG solution could promote the germination of giant embryo rice seeds to some extent, and the low concentration of PEG solution could promote the germination of giant embryo rice seeds more obviously. The concentration of PEG solution at 5% had the greatest effect on the germination of giant embryo rice seeds (Xiang et al., 2010) ; after soaking seeds in clear water for 24 hours, PEG solution with different concentrations was used to treat the seeds. This method had certain inhibitory effect on the germination of giant embryo rice seeds, and the higher the concentration was, the stronger the inhibitory effect was. Different PEG stress modes had different effects on seed germination and seedling growth of giant embryo rice. The stress method of PEG liquid culture induced by clear water was not conducive to the germination and emergence of giant embryo rice seeds, and the seedling growth was irregular. With the increase of PEG concentration, the growth potential of giant embryo rice seedlings became weaker, the content of chlorophyll and soluble protein increased, the root activity decreased, and SOD activity increased under mild and moderate stress, and decreased under water drought stress. However, under the stress method of clear water culture induced by PEG liquid. Soluble protein content decreased, SOD activity and root activity increased. When PEG concentration was 15% or less, it promoted the germination, SOD activity, root activity, seedling emergence and seedling growth of giant embryo rice, but inhibited it when PEG concentration was higher than 15% (Dai ., 2012a; Dai ., 2012b) . Therefore, the stress method of PEG induced clear water culture can make the giant embryo rice seeds germinate better and reach the optimal state of germination, which will lay a solid foundation for the faster and better growth of giant embryo rice.
Effects of Cultivation and Management Measures on Quality and Yield of Giant Embryo Rice
The formation of rice quality is mainly controlled by its own genes, but also by the environment and cultivation methods. Among them, the application amount of nitrogen fertilizer has the greatest influence on rice quality (Bao et al., 1954) , and the effect of nitrogen fertilizer on rice quality is mainly manifested in the appearance quality. The results showed that the chalky rice rate and chalkiness of giant embryo rice decreased with the increase of nitrogen application, while the aspect ratio and transparency were less affected by nitrogen application. The protein content increased significantly with the increase of nitrogen application (Cong et al., 2017) . The results were basically consistent with previous studies (Jin et al., 2001; Wan et al., 2006) . Therefore, it is beneficial to improve the appearance quality of giant embryo rice by properly increasing the application of nitrogen fertilizer in a certain range.
In China, protein in rice is generally regarded as an important measurement index of rice nutritional quality, and the increase of protein content is often used as one of basis for improving rice quality. As for the nutritional quality of rice, with the increase of nitrogen application, the amylose content of rice will decrease, and the amylose content of giant embryo rice will also decrease. Studies have shown that within the range of 0-300 kg·Hm -2 nitrogen application, the amylose content of giant embryo rice in different growth stages decreased with the increase of nitrogen fertilizer level, but the decrease extent of different giant embryo rice varieties was not the same (Gao et al., 2010) . As for the effect of nitrogen fertilizer on protein content, the general results showed that the protein content in rice increased with the increase of nitrogen application (Lee et al, 2005; Dai et al., 2009) . Interestingly, increasing nitrogen fertilizer in a certain range can effectively alleviate the negative impact of high temperature stress on rice quality and yield, and can promote the increase of protein content and improve the nutritional quality of rice. Therefore, in order to improve the nutritional quality and appearance quality of giant embryo rice, the amount of nitrogen fertilizer can be increased appropriately in a certain range. Rice shape (grain length, grain width, grain thickness and length-width ratio) is an important index of appearance quality traits of rice. Due to the lack of moisture in the soil, air temperature, nutrients, and other factors led to the early stage of the rice grain filling rate relatively quickly, and later premature aging, the synthesis and accumulation of starch affected, causing the arrangement of starch grains is not tight, chalk white area increases (Hong et al., 2011) . Interestingly, because of the roundness and looseness of starch granules in the seeds of giant embryo rice, the grain hardness "Suweon 542" decreased significantly, and the grain hardness of dehulled grain was only 45% of that of the control variety, which indicated that "Suweon 542" was easy to be crushed during milling, and it was a rice variety suitable for dry milling (Mo et al., 2013; Altheid et al., 2012) . This is expected to solve the high cost of wet grinding production, and cause water waste and soak process to cause environmental problems such as pollution. Therefore, in the production process of the giant embryo rice, it is suggested that the cultivation of the ridge is used to obtain excellent quality.
The number of grains per panicle and effective panicles per panicle of giant embryo rice are greatly affected by cultivation and management methods, that is, the cultivation and management of giant embryo rice is closely related to its yield. For example, the yield of giant embryo rice obtained by ridge cultivation is higher than that of submerged and dry cultivation. The effects of cultivation methods on the appearance, brown rice rate, protein content and amylose content of giant embryo rice were not obvious, but on the Chalky rate and chalk white area of rice. The panicle length and 1000-grain weight of rice are mainly related to the characteristics of rice varieties, and are less affected by cultivation methods, while the number of grains and effective panicles are more affected by cultivation methods. As a result, the yield of rice is affected by both varieties and cultivation methods (Dai et al., 2011) . In the process of rice breeding, besides the characteristics of varieties themselves, we should pay attention to the study of high-quality and high-yield cultivation techniques to obtain higher yield.
Prospect
Giant embryo rice is a rice mutant with enlarged embryos, whose embryos account for 1/3 to 1/4 of the whole grain volume, more than twice the size of normal rice embryos. The contents of vitamins, amino acids, proteins, minerals, natural nutrients and physiological active substances in giant embryo brown rice were significantly higher than those in common brown rice. Especially, giant embryo brown rice was rich in gamma-aminobutyric acid (GABA) and vitamin E, which had multiple regulatory functions on human body. Therefore, brown rice which often eats giant embryo rice can regulate human physiological metabolism and prevent diseases, so giant embryo rice is known as "longevity rice" or "functional rice" by breeders.
At present, with the development of economy and society and the continuous improvement of living standards, people pay more and more attention to their own nutrition and health status. Green, nutritious and safe food is favored by the majority of consumers. Giant embryo rice is a "pure natural" green food with wide adaptability and high safety, which is more acceptable to consumers. Therefore, giant embryo rice, as a kind of functional rice with high nutrition, has broad prospects for development. In the future, giant embryo rice and its corresponding processing products will mainly concentrate on the following aspects: (1) Giant embryo rice: because giant embryo rice contains rich natural nutrients such as GABA, protein, minerals, amino acids, vitamins and so on, the nutritional value of giant embryo rice is higher than that of common ordinary rice.
(2) Feed: giant embryo rice is rich in protein and fat, and its nutrient content is higher than that of ordinary rice. It is a good raw material for processing animal feed.
(3) Rice oil: Rice embryo and rice bran contain a large amount of oil, rice bran oil contains 38% linoleic acid and 42% oleic acid, linoleic acid and oleic acid ratio is scientific and reasonable, has high nutritional value, has a higher nutritional and health function. The oil content of giant embryo rice is higher than that of common rice, and giant embryo rice can be used as raw material for extracting rice oil. (4) Health food: giant embryo rice contains abundant natural nutrients and physiological active substances such as protein, minerals, amino acids, vitamins and so on, especially GABA, which has the functions of brain-strengthening, retarding aging, improving kidney function, activating liver function and regulating human blood pressure. Energy-based food should be developed and utilized. It can be used as functional food.
Although many new giant embryo rice varieties have been bred by rice breeders at home and abroad, their market share still needs to be improved. This is mainly due to the low transformation rate of the research results of giant embryo rice and the lack of market application and promotion; secondly, the high price of giant embryo rice can not be ignored as an important factor. However, with the continuous increase of population and market demand and the continuous emergence of deep processed products, many advantages of giant embryo rice will be further highlighted, and it will have broad application and promotion prospects.
